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Azoospermia is an important factor affecting male infer-
tility [6]. The Sertoli cell-only syndrome (SCOS) is one 
of the severe disorders which causes male infertility and 
is usually azoospermic. The typical features of the SCOS 
are germ cell aplasia, a reduced testicular volume, and 
only Sertoli cells line in the seminiferous tubules [7]. 
Several causal factors have been proposed for the patho-
genic mechanisms underlying the SCOS, including chro-
mosomal abnormality [8, 9], sex chromosome disorders, 
for example, Klinefelter syndrome [10], Y chromosome 
microdeletions in AZFs [11–14], mutations of candidate 
genes [15–19], and dysregulation of gene expression [20, 
21]. Recently, Mast4 [22] and Pramef12 [23] have been 
identified as essential genes for spermatogenesis in mice, 
and knockout of the genes recapitulates the SCOS in 

Introduction
In humans, infertility is common and affects approxi-
mately 17% of reproductive-aged couples worldwide 
[1–4]. Near 50% of infertility cases are caused by male 
factors [5], which include a reduced number of sperma-
tozoa, low sperm quality, and spermatogenesis failure. 
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Abstract
Background  Spermatogenesis depends on the supporting of the Sertoli cells and their communications with germ 
cells. However, the regulation of crosstalk between the Sertoli cells and germ cells remains unclear.

Results  In this report, we used conditional knockout technology to generate the Sertoli cells-specific knockout of 
Rnf20 in mice. The Amh-Rnf20−/− male mice were infertile owing to spermatogenic failure that mimic the Sertoli cell-
only syndrome (SCOS) in humans. Knockout of Rnf20 resulted in the H2BK120ub loss in the Sertoli cells and impaired 
the transcription elongation of the Cldn11, a gene encoding a component of tight junction. Notably, RNF20 deficiency 
disrupted the cell adhesion, caused disorganization of the seminiferous tubules, and led to the apoptotic cell death of 
both spermatogonia and spermatocytes in the seminiferous tubules.

Conclusions  This study describes a Rnf20 knockout mouse model that recapitulates the Sertoli cell-only syndrome 
in humans and demonstrates that RNF20 is required for male fertility through regulation of H2B ubiquitination in the 
Sertoli cells.
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humans. In addition, copy number variations and endo-
crine processes could also be causal for the SCOS [10, 
24]. Thus, in humans, the SCOS is a clinically and geneti-
cally heterogeneous group of disorders for male infertility 
and its pathogenic mechanisms remain elusive.

Spermatogenesis is a precisely regulated and complex 
process of development and differentiation, which is 
typically divided into three phases: proliferation of sper-
matogonia stem cells through mitosis, differentiation of 
spermatocytes to spermatids through meiotic cell divi-
sion, and spermiogenesis [25]. During spermatogen-
esis in testis, the supporting cells, the Sertoli cells, in 
the seminiferous tubules, provide an essential niche in 
structural, immunological, and nutritional support for 
germ cell development [26]. The Sertoli cells are located 
on the basement membrane of the seminiferous tubules 
and function not only as nurse cells in the testis, but 
also establish an immune-privileged environment of the 
blood-testis-barrier (BTB) for spermatogenesis [26–28]. 
Thus, the Sertoli–germ cell crosstalk is crucial for sper-
matogenesis; however, the regulation mechanisms of 
their interactions remain elusive. As a major component 
of the BTB, CLDN11 contributes to the tight junction 
between the Sertoli cells and spermatogonial stem cells 
(SSCs), which plays an essential role during spermato-
genesis [29–31]. Deficiency of Cldn11 in mice resulted 
in loss of tight junction integrity and spermatogenesis 
did not proceed beyond the spermatocyte stage [32]. In 
addition, the impairment of spermatogenesis and male 
infertility were involved in an abnormal distribution of 
Cldn11 expression in the Sertoli cells [33, 34]. However, 
the epigenetic regulation of CLDN11 expression in the 
Sertoli cells remains unknown.

The E3 ubiquitin ligase RNF20 (ring finger protein 20) 
is critical for mono-ubiquitination of histone H2B at 
lysine 120 (H2BK120ub) in mammals [35, 36]. It is now 
clear that RNF20 and H2BK120ub play vital roles in some 
of the most fundamental biological processes and global 
knockout of Rnf20 in mice resulted in very early embry-
onic lethality [37]. RNF20 was implicated in the regula-
tion of double-strand break repair [38], suppression of 
tumorigenesis [39], cell differentiation [40, 41], homolo-
gous recombination [42], mRNA splicing [43], adipose 
tissue development [44], and meiotic recombination and 
spermatogenesis [45]. Notably, RNF20 was a reliable indi-
cator of transcription activity and contributed to tran-
scriptional elongation [43, 46, 47]. Although considerable 
efforts have been made for RNF20, the biological func-
tion and underlying mechanisms of RNF20 in the Sertoli 
cells in regulation of spermatogenesis remain unclear.

In the present study, we created a Rnf20 conditional 
knockout in the Sertoli cells and find that deficiency of 
Rnf20 leads to male infertility owing to spermatogenic 
failure in mice, recapitulating pathological features of 

the SCOS in humans. Rnf20 knockout results in the 
H2BK120ub loss in the Sertoli cells and thus impairs the 
transcription elongation of the Cldn11 gene in the Ser-
toli cells, which is essential for the BTB establishment 
through the cell junction. RNF20 deficiency in the Sertoli 
cells disrupts the cell adhesion, causes disorganization of 
the seminiferous tubules, and leads to the loss of both the 
spermatogonia and spermatocytes in the seminiferous 
tubules by apoptosis pathway. These molecular and cel-
lular events provide new insights to the male infertility.

Results
The Sertoli cells-specific knockout of Rnf20 results in male 
infertility
To investigate the function of Rnf20 in the Sertoli cells 
during spermatogenesis, the Rnf20Flox/Flox mice were used 
[48]. The Lox P sites were inserted between exon 2–4 of 
Rnf20, where Rnf20 was knocked out through disrupted 
the ORF of mRNA (Fig. 1a). The Amh-Rnf20−/− mice were 
produced by crossing the Rnf20Flox/Flox with the Amh-Cre 
mice (Fig.  1b, c). Western blot analysis confirmed that 
the protein levels of RNF20 and H2BK120ub were sig-
nificantly decreased in the testes of the Amh-Rnf20−/− 
mice compared with those in the Amh-Rnf20+/− and the 
Rnf20Flox/Flox mice (Fig.  1d). The morphology observa-
tions showed that the testis size in the Amh-Rnf20−/− 
mice from the day 14 after birth to adult was significantly 
smaller than those in the Rnf20Flox/Flox mice (Fig.  1e, 
f ), indicating testis development was impaired in the 
Amh-Rnf20−/− mice. Further histology analysis of testes 
at different stages of spermatogenesis showed that there 
were no round or elongated spermatids in the seminifer-
ous tubules of the Amh-Rnf20−/− mice and no spermato-
zoa were detected in the seminiferous tubules, even there 
were only Sertoli cells and a few of germ cells existed in 
the seminiferous tubules, while sperm cells were pro-
duced gradually in the Rnf20Flox/Flox mice (Fig.  1g). In 
addition, histological analysis of the epididymal lumens 
of the Amh-Rnf20−/−, the Amh-Rnf20+/−, and the 
Rnf20Flox/Flox mice showed that mature spermatozoa were 
absent in the epididymal lumens in the Amh-Rnf20−/− 
male mice (Fig. 1h). These observations were consistent 
with the fact that the Amh-Rnf20−/− male mice were 
infertile when mating with wild-type female mice. Nev-
ertheless, the knockout of the Amh-Rnf20−/− had no 
detectable effect on ovary development and oogenesis 
(Additional file 1: Fig. S1). Together, these data indicated 
that the Sertoli cells-specific knockout of Rnf20 in mice 
caused male infertility owing to spermatogenic fail-
ure, recapitulating pathological features of the SCOS in 
humans.
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RNF20 deficiency results in H2BK120ub loss in the Sertoli 
cells
RNF20 is an E3 ubiquitin ligase critical for mono-ubiqui-
tination of histone H2B at lysine 120 [35, 36]. To explore 
ubiquitination change of histone H2B in the Sertoli cells 
of Rnf20 knockout, mass spectrometry was used to detect 
the levels of H2B ubiquitination in the Amh-Rnf20−/− 
and the Rnf20Flox/Flox mice. H2BK120ub was remark-
ably detected in the Sertoli cells in the Rnf20Flox/Flox, 
whereas no signal at the site on H2B in the Sertoli cells 

in the Amh-Rnf20−/− was observed (Fig.  2a, b). Further 
immunofluorescence assays were conducted to verify 
the levels of H2BK120ub in different types of cells in the 
Rnf20Flox/Flox and the Amh-Rnf20−/− mouse testes. SOX9 
is a marker of the Sertoli cells, while DMRT1 is a marker 
for both the Sertoli cells and spermatogonia [49, 50], 
which were used to identify the expression localization 
of H2BK120ub in the Sertoli cells. Immunofluorescence 
analysis using these markers showed that knockout of 
Rnf20 led to the loss of H2BK120ub in the Sertoli cells 

Fig. 1  Spermatogenic failure in the Amh-Rnf20−/− mice. a Schematic diagram for the construction for making the Rnf20Flox/Flox and the Amh-Cre mice. 
b Flow chart of breeding to generate the Amh-Rnf20−/− mice. c Genotyping of the Rnf20 conditional knockout mice. Rnf20-Flox, Rnf20Flox/Flox; WT, wild 
type; Amh-Cre, Amh promoter-induced conditional knockout. d Western blot analysis of the protein levels of RNF20 and the ubiquitylation of histone 
H2BK120 in adult mice of 3 types of genotypes. β-ACTIN was used as an internal control. e Comparison the size of testes between the Rnf20Flox/Flox and 
the Amh-Rnf20−/− in adult and at 7, 14, 16, 18, 21, and 28 days after birth. Scale bar, 100 μm. f Relative weight of testis to body weight in mice between 
genotypes of the Rnf20Flox/Flox and the Amh-Rnf20−/− (n = 3), *, p < 0.05, **, p < 0.01. g H&E staining of testes in the Rnf20Flox/Flox and the Amh-Rnf20−/− in 
adult and at 7, 14, 16, 18, 21, and 28 days after birth. The black square in the panels corresponds to the enlarged panels. Scale bar, 100 μm. h H&E staining 
of epididymides in adult mice. Scale bar, 100 μm
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during spermatogenesis (Fig.  2c; Additional file 1: Fig. 
S2). These results suggested that Rnf20 knockout resulted 
in the H2BK120ub loss in the Sertoli cells.

RNF20 deficiency in the Sertoli cell impairs the Cldn11 
transcription
To examine potential roles of Rnf20 in regulation of gene 
transcription involved in spermatogenesis, we performed 
RNA-Seq analysis of the Sertoli cells isolated from the 
Rnf20Flox/Flox and Amh-Rnf20−/− mice at 7 days after birth. 
Over 1172 differentially expressed genes (DEGs) were 
detected, based on both |Log2FC|>1 (FC, fold change) 
and FDR < 0.001 (FDR, false discovery rate), in the Sertoli 
cells of the Amh-Rnf20−/− mice compared with those of 
the Rnf20Flox/Flox mice. Of which 761 genes were upreg-
ulated and 411 genes were down-regulated (Fig.  3a). 
Gene Ontology (GO) analysis in biological process of 
the down-regulated genes showed an enrichment in cell 
differentiation, meiotic cell cycle, spermatogenesis, and 

cell adhesion (Fig. 3b). Of them, Cldn11, a gene encoded 
the major component of the BTB and tight junction, was 
associated with both GO processes, spermatogenesis 
and cell adhesion, and was significantly down-regulated 
in the Sertoli cells of the Amh-Rnf20−/− mice compared 
with those of the Rnf20Flox/Flox mice (Fig. 3b-d). Quanti-
tative real-time PCR confirmed the down-regulation of 
Cldn11 at mRNA levels in testes of adult mice (Fig. 3e). 
CLDN11 protein was also down-regulated in the testes 
of adult mice of the Amh-Rnf20−/− in comparison with 
those of the Rnf20Flox/Flox mice (Fig.  3f ). Further ChIP-
PCR analysis showed that H2BK120ub was enriched 
in the exons regions, but seldomly in the promoter 
regions of the Cldn11 gene in the Rnf20Flox/Flox testes 
(Fig. 3g; Additional file 1: Fig. S3), whereas it was hardly 
ever detected in both the exons and promoter regions 
of the Cldn11 owing to the lack of H2BK120ub in the 
Amh-Rnf20−/− testes (Fig. 3f, g; Additional file 1: Fig. S3). 
These data indicated that Rnf20 knockout in the Sertoli 

Fig. 2  H2BK120ub is deficient in the Sertoli cells in the Amh-Rnf20−/− mice. a Mass spectrometry detection of the ubiquitination of the H2B at K120 with 
the peptide HAVSEGTK(120)AVTK in the Rnf20Flox/Flox. The MQ software was used to analyze the data from mass spectrometry. X axis, m/z; Y axis, the inten-
sity of ions; y, the C-terminal fragment ion (Y series). b Ubiquitinated peptide information at the position of the K120 in the Rnf20Flox/Flox. The ubiquitination 
modification site was not detected in the Amh-Rnf20−/−. c Immunofluorescent analysis of SOX9, H2BK120ub, and DMRT1 on serial paraffin-sections in the 
Rnf20Flox/Flox and the Amh-Rnf20−/− testes at 7 days after birth and adult mice. The nuclei were stained with DAPI. TRITC signals represent the localization of 
H2BK120ub, while FITC signals showed the localization of SOX9 or DMRT1. The white squares in the panels correspond to the enlarged panels. Sn, Sertoli 
cells; Sg, spermatogonia. Scale bar, 10 μm
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Fig. 3  RNF20 deficiency in Sertoli cells impairs the Cldn11 transcription. a Scatterplots of differentially expressed genes. Red scatter, genes with sig-
nificant up-regulated; blue scatter, genes with significant down-regulated; gray scatter, genes with no significant difference. X axis, Lg (WT FPKM) in 
the Rnf20Flox/Flox; Y axis, Lg (KO FPKM) in the Amh-Rnf20−/−. b Gene ontology (GO) terms analysis of down-regulated genes in the Sertoli cells of the 
Amh-Rnf20−/− testes. c, d Heatmaps showing the expression levels of down-regulated genes in the terms spermatogenesis (c) and cell adhesion (d) in 
the Sertoli cells of the Rnf20Flox/Flox and the Amh-Rnf20−/−. Color bar, Log2 (FPKM). e Quantitative real-time PCR analysis of the genes Rnf20 and Cldn11. 
The expression levels of the genes were related to Hprt expression. Relative levels, 2−ΔCt; T-tests were performed. *, p < 0.05, **, p < 0.01. f Western blot 
analysis of the expression levels of RNF20, CLDN11, and H2BK120ub proteins in adult mice. β-ACTIN was used as an internal control. g ChIP-PCR assays. 
The antibody specific for H2BK120ub was used in the ChIP analysis and primers were designed in the regions of promoter and exons of Cldn11 in the 
testes of the Rnf20Flox/Flox and the Amh-Rnf20−/−. The black graphs indicated the enriched levels in the Rnf20Flox/Flox mice, while the white graphs indicated 
the levels in the Amh-Rnf20−/− mice
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cells impaired the transcription elongation of Cldn11 in 
the Sertoli cells owing to the H2BK120ub loss.

RNF20 deficiency disrupts the cell adhesion and causes 
disorganization of the seminiferous tubules
As the deficiency of H2BK120ub in the Cldn11 gene 
region led to a decrease level of CLDN11, we further 
investigated CLDN11 expression in the seminiferous 
tubules and possible dysfunction of the cell adhesion. 
Immunofluorescence analysis showed that CLDN11 
was hardly ever observed in testes of adult mice of 
the Amh-Rnf20−/−. In contrast, it was expressed in 
the peripheral regions surrounding the Sertoli cells 
and spermatogonia in the seminiferous tubules in the 
Rnf20Flox/Flox testes (Fig. 4), suggesting a role of CLDN11 
via H2BK120ub in the cell adhesion in the seminifer-
ous tubules. Further, the Sertoli cells, as indicated by the 
marker SOX9, were arranged in the peripheral regions 
of the seminiferous tubules in the Rnf20Flox/Flox testes, 
whereas in the Amh-Rnf20−/− testes, the Sertoli cells were 
spread inward from the peripheral seminiferous tubules 
and some were observed in the center of the seminiferous 
tubules (Fig.  4). Further immunofluorescence analysis 
of testes at different days after birth (7, 14, 16, 18, 21, 28 
days) and in adults showed that the abnormal distribu-
tion of the Sertoli cells in the seminiferous tubules was 
obvious from 14 days to adult (Fig. 5). The disorganized 
distribution of the Sertoli cells owing to down-regulation 
of the CLDN11 expression suggested a disruption of the 
cell adhesion. We further analyzed expression pattern of 
key cell-adhesion molecules, α-Catenin, β-Catenin, and 
N-Cadherin, in testes of adult mice. Immunofluorescence 

Fig. 5  Knockout of Rnf20 disrupts the distribution of the Sertoli cells in the seminiferous tubules from 14 days to adult. Immunofluorescence analysis 
showed the localization of the Sertoli marker SOX9 in the seminiferous tubules in the testes of the Rnf20Flox/Flox and the Amh-Rnf20−/− in adults and at 7, 14, 
16, 18, 21, and 28 days after birth. The nuclei were stained with DAPI. The green fluorescence signals represent the localization of SOX9. The white squares 
in the panels correspond to the enlarged panels. Sn, Sertoli cells. Scale bar, 25 μm

 

Fig. 4  Knockout of Rnf20 in the Sertoli cells impairs the CLDN11 expres-
sion and disrupts the distribution in the Sertoli cells in the seminiferous tu-
bules in adult mice. Immunofluorescence analysis of the CLDN11 protein 
on testis sections in the Rnf20Flox/Flox and the Amh-Rnf20−/−mice. The nuclei 
were stained with DAPI. FITC signals represent the localization of CLDN11. 
SOX9, a marker for the Sertoli cells, indicates the distribution of the Sertoli 
cells in the seminiferous tubules. The white squares in the panels corre-
spond to the enlarged panels. Sn, Sertoli cells; Sg, spermatogonia; SOX9, a 
marker for the Sertoli cells. Scale bar, 25 μm
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analysis of testis showed that these cell-adhesion mol-
ecules had a similar localization to that of CLDN11 in 
the peripheral regions surrounding the Sertoli cells in 
the seminiferous tubules in the Rnf20Flox/Flox testes, as 
indicated by the marker SOX9 (Fig.  6). In contrast, in 
the Amh-Rnf20−/− testes, these cell-adhesion molecules 
were spread inward from the peripheral seminiferous 
tubules and some were also detected in the center of the 
seminiferous tubules (Fig.  6). These data suggested that 
knockout of Rnf20 disrupted the cell adhesion and led to 
disorganization of the seminiferous tubules.

Apoptosis increases in the germ cells of the Amh-Rnf20−/− 
mice
To further explore possible loss of the germ cells in the 
seminiferous tubules during spermatogenesis owing to 
the RNF20 deficiency in the Sertoli cells, we tested the 
levels of apoptosis in testes at different developmen-
tal stages. Statistical analysis showed that the number 
of the spermatocytes in the seminiferous tubules of the 
Amh-Rnf20−/− mice was significantly decreased, com-
pared with that in the Rnf20Flox/Flox mice from day 14 after 
birth to adult (Fig. 7a). Moreover, the number of the sper-
matogonia in the seminiferous tubules was significantly 
reduced in the Amh-Rnf20−/− mice from day 21 after 
birth to adult (Fig. 7b). In addition, Western blot analysis 
showed that the levels of cleaved-caspase 3 were up-reg-
ulated in the testes of adult mice of the Amh-Rnf20−/− 
compared to those of the Rnf20Flox/Flox mice (Fig.  7c). 
Further, we tested the TUNEL-positive signals during 
the progress of spermatogenesis. The TUNEL analysis 
confirmed that the apoptosis in testes was up-regulated 
in the Amh-Rnf20−/− mice (Fig.  7d). Statistical analysis 
indicated that both numbers of TUNEL-positive cells in 
per tubule and the TUNEL-positive tubules were signifi-
cantly increased from day 16 after birth to adult (Fig. 7e, 
f ). Taken together, these results suggested that RNF20 
deficiency caused the loss of germ cells in the seminifer-
ous tubules by the apoptosis pathway.

Discussion
In humans, male infertility is common and affects 
approximately 7% of the male population worldwide [51]. 
Because of the complex pathogenetic mechanisms, the 
aetiology of male infertility remains elusive in humans. 
Here, we used conditional knockout technology to inves-
tigate spermatogenic failure and underlying molecu-
lar mechanisms. Our study provides a mouse model of 
the Rnf20 knockout, that recapitulates the Sertoli cell-
only syndrome in humans, a serious condition for male 
infertility. The Sertoli cells-specific knockout of Rnf20 
causes male infertility. RNF20 deficiency leads to the 
H2BK120ub loss which impairs the transcription elon-
gation of the Cldn11 gene in the Sertoli cells. As disrup-
tion of the cell adhesion, the lack of RNF20 in the Sertoli 
cells causes disorganization of the seminiferous tubules, 
and leads to the loss of the germ cells in the seminifer-
ous tubules by the apoptosis pathway. The impairment of 
these molecular and cellular processes eventually causes 
spermatogenesis dysfunction and male infertility.

We uncover Rnf20 as a new causative gene for sper-
matogenic failure and male infertility. The pathoge-
netic mechanism is involved in epigenetic regulation of 
the RNF20 in male infertility. RNF20 is an E3 ubiquitin 
ligase critical for mono-ubiquitination of histone H2B at 
lysine 120 [35, 36]. Knockout of Rnf20 results in the loss 

Fig. 6  Knockout of Rnf20 in the Sertoli cells disrupts the cell adhesion in 
the seminiferous tubules in adult mice. a Immunofluorescent analysis of 
N-Cadherin and SOX9 on the serial paraffin-sections in the Rnf20Flox/Flox 
and the Amh-Rnf20−/− testes. b Immunofluorescent analysis of β-Catenin 
and SOX9 on the serial paraffin-sections in the Rnf20Flox/Flox and the 
Amh-Rnf20−/− testes. c Immunofluorescent analysis of α-Catenin and SOX9 
on the serial paraffin-sections in the Rnf20Flox/Flox and the Amh-Rnf20−/− tes-
tes. The nuclei were stained with DAPI. The white squares in the panels 
correspond to the enlarged panels. Sn, Sertoli cells. Scale bar, 25 μm
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of mono-ubiquitination of histone H2B at lysine 120 in 
the Cldn11 gene, which disrupts its transcription elon-
gation and expression in the Sertoli cells. H2BK120ub 
is an active epigenetic marker, which is known to regu-
late transcriptional elongation [43, 46, 47]. Thus, RNF20 
regulates expression of the Cldn11 gene through H2B 
modification of mono-ubiquitination and contributes 
to the cell-cell adhesion of the Sertoli cells and SSCs to 
establish the BTB in the seminiferous tubules, which 
ensures the Sertoli–germ cell crosstalk during spermato-
genesis. Knockout of Rnf20 disrupts the prime factor in 
the regulatory cascade RNF20-H2BK120ub-CLDN11 

during spermatogenesis and eventually causes male 
infertility. It should be mentioned that knockout of Rnf20 
in the Sertoli cells also interferes with expression of the 
other genes, including Dmrt1 and Ctnna2, in the GO 
terms spermatogenesis and cell adhesion in the Sertoli 
cells, probably via H2BK120ub. It is interesting to further 
explore the whole picture of regulation networks and 
functions of the RNF20-H2BK120ub in the Sertoli cells 
during spermatogenesis.

As a major component of the BTB, CLDN11 contrib-
utes to the cell-cell adhesion and crosstalk between the 
Sertoli cells and SSCs, which play important roles during 

Fig. 7  Apoptosis levels in the germ cells of the Amh-Rnf20−/− testes were increased significantly during spermatogenesis. a, b Comparison of the number 
of spermatocytes (a) and spermatogonia (b) in the seminiferous tubules between the Rnf20Flox/Flox and the Amh-Rnf20−/− in adults and at 7, 14, 16, 18, 
21, and 28 days after birth. Y axis, the number of germ cells; X axis, postnatal days. Black dots on the lines represent the Rnf20Flox/Flox, black squares on the 
lines represent the Amh-Rnf20−/−. *, p < 0.05, **, p < 0.01. c Western blot analysis of the expression levels of RNF20 and Caspase3 in testes of adult mice of 
the Rnf20Flox/Flox and the Amh-Rnf20−/−. β-ACTIN was used as an internal control. d TUNEL assays were used to analyze the apoptotic signals in testes of 
the Rnf20Flox/Flox and the Amh-Rnf20−/− in adults and at 7, 14, 16, 18, 21, and 28 days after birth. The nuclei were stained with DAPI. The green fluorescence 
showed the apoptosis signals. The white squares in the panels correspond to the enlarged panels. Scale bar, 75 μm. e Statistical analysis of the propor-
tion of TUNEL-positive seminiferous tubules. *, p < 0.05, **, p < 0.01. f Statistical analysis of the cell number with TUNEL-positive signals in the seminiferous 
tubules. Black dots represent the Rnf20Flox/Flox, blue squares indicate the Amh-Rnf20−/−. *, p < 0.05, **, p < 0.01
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spermatogenesis [29–31]. Phenotypes of male infertility 
in the Amh-Rnf20−/− mice are basically similar to those of 
the Cldn11 knockout mice. Deficiency of Cldn11 resulted 
in the loss of the cell-cell adhesion and spermatogenesis 
was arrested before the spermatocyte stage [32]. Nota-
bly, the cell-cell adhesion in the seminiferous tubules 
of the Amh-Rnf20−/− mice is seriously disrupted and 
key cell-adhesion molecules, α-Catenin, β-Catenin, and 
N-Cadherin, are disorganized in the seminiferous tubules 
in the Amh-Rnf20−/− testis. It is well known that these 
cell-adhesion molecules are essential for the junction of 
intercellular adhesion [52–54]. Thus, the cascade RNF20-
H2BK120ub-CLDN11 functions through the regula-
tion of the cell-adhesion within the seminiferous tubules 
during spermatogenesis. Disruption of the cell adhe-
sion causes disorganization of the seminiferous tubules, 
impairs normal processes of spermatogenesis, leads to 
the loss of both the spermatogonia and spermatocytes in 
the seminiferous tubules by the apoptotic cell death, and 
thus contributes to male infertility.

Conclusions
This study shows that RNF20 is required for male fertility 
through regulation of H2B ubiquitination in the Sertoli 
cells. The Sertoli cells-specific knockout of Rnf20 causes 
male infertility through regulation of the cascade RNF20-
H2BK120ub-CLDN11 during spermatogenesis in the 
mouse testis.

Methods
Generation of the Amh-Rnf20−/− mice
Homozygous Rnf20Flox/Flox mice were crossed with trans-
genic mice expressing the CRE recombinase under the 
control of the Amh promoter to generate the Rnf20Flox/Flox 
and the Amh-Rnf20−/− mice [45]. PCR primers were used 
for genotyping of the Rnf20 and the Amh mice as follows: 
Rnf20: 5’ GCTGTAAGAGTTCTTAATGTATG 3’ and 
5’ GGCTTGTCACACAAGCATGAGCATC 3’; Amh: 5’ 
TCCAATTTACTGACCGTACACCAA 3’ and 5’ CCT-
GTACCTGGCAATTTCGGCTA 3’. The PCR conditions 
were as follows: 94  °C for 3  min; 94  °C for 30  s, 60  °C 
for 30 s, and 72 °C for 30 s for 34 rounds; and 72 °C for 
10 min.

All the animals were bred and raised in the Experi-
mental Animal Center of Wuhan University and animal 
experiments and methods were performed in accordance 
with the relevant approved guidelines and regulations, 
as well as under the approval of the Ethics Committee of 
Wuhan University.

Antibodies and reagents
The following primary antibodies were used: Anti-
RNF20 (21625-1-AP, Proteintech Group, Rosemont, 
IL, USA), Anti-H2BK120ub (Cat# 5546s, Cell Signaling 

Technology, Danvers, MA, USA), Anti-β-ACTIN (Cat# 
66009-1-Ig, Proteintech Group, Rosemont, IL, USA), 
Anti-SOX9 (Cat# 82,630  S, Cell Signaling Technology, 
Danvers, MA, USA), Anti-Caspase3 (Cat# 19677-1-AP, 
Proteintech Group, Rosemont, IL, USA), Anti-Claudin 
11 (Cat# 36-4500, Thermo Fisher, Waltham, MA, USA), 
Anti-N-Cadherin (Cat# WL01047, Wanleibio, Shenyang, 
China), Anti-β-Catenin (Cat# 51067-2-AP, Proteintech 
Group, Rosemont, IL, USA), and Anti-α-Catenin (Cat# 
GTX111168, GeneTex, Texas, USA). DMRT1 antibody 
was provided by Professor Robin Lovell-Badge, MRC, 
UK.

The secondary antibodies were as follows: Horserad-
ish peroxidase (HRP) conjugated-goat anti-Rabbit IgG 
(H + L) secondary antibody (Cat# 31,460) from Pierce 
Biotechnology Company, Rockford, IL, USA and horse-
radish peroxidase (HRP) conjugated-goat anti-Mouse 
IgG (H + L) secondary antibody (Cat# 31,430) from 
Invitrogen, Carlsbad, USA. The fluorescent TRITC-
conjugated ImmunoPure goat anti-Rabbit IgG (H + L) 
(Cat# ZF-0316) was purchased from Feiyi Technology, 
Wuhan, Hubei, China. The fluorescent FITC-conjugated 
ImmunoPure goat anti-rabbit IgG (H + L) (Cat# ZF-0311) 
was from Feiyi Technology, Wuhan, Hubei, China. DAPI 
(Cat# C1002) was purchased from Beyotime Institute of 
Biotechnology, Nantong, Jiangsu, China.

Histology analysis
Testes and epididymis were dissected immediately 
from mice after euthanasia. The tissues were fixed with 
4% paraformaldehyde at 4  °C for overnight, then were 
embedded in paraffin and cut into a series of 5 μm sec-
tions using a paraffin slicer (CM1950, Leica, Germany). 
After deparaffinization and rehydration, the sections 
were stained with hematoxylin and eosin for histology 
analysis. Images were collected with automatic scanning 
microscope for tissue sections (DM6B, Leica, Germany).

Western blot analysis
Western blot analysis was performed as previously 
described [55]. In brief, protein samples were extracted 
from the testes of adult mice, separated in 12% SDS-
polyacrylamide gels, and transferred onto 0.45 μm PVDF 
membranes (IPVH00010, Millipore, Bedford, MA, 
USA). After blocked with 5% non-fat milk in TBST (20 
mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween 20) 
for 30  min at room temperature, the membranes were 
incubated with the primary antibodies (1:1000 dilution 
in 5% BSA) at 4  °C for overnight. The membranes were 
then washed with TBST 5 times for 10 min each time and 
incubated with HRP-labeled secondary antibody (1:5000 
dilution in 5% non-fat milk) for 1 h at room temperature. 
After washed with TBST for 5 times, the signals were 
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detected with the ECL kits (K-12,045-D50, Advansta, 
Menlo Park, USA).

Immunofluorescence analysis
Testis tissues were fixed with 4% cold PFA for overnight 
and washed with PBS (pH 7.4) for 3 times. Then samples 
were embedded in paraffin and cut into a series of 5 μm 
sections using a paraffin slicer (CM1950, Leica, Ger-
many). After deparaffinization and rehydration, antigen 
repairs for tissues sections were performed with 0.01 M 
citric acid solution (pH 6.0) under the condition of pres-
sure (100  kPa) and temperature (105  °C) for 5  min, fol-
lowed by natural cooling to room temperature. The 
tissues sections were treated with 1% Triton X-100 for 
25 min and rinsed in PBS for 3 times. After blocking with 
5% BSA for 20 min, the sections were incubated with pri-
mary antibody at 1:100 in 5% BSA at 4 °C for overnight. 
After washing in PBS, the sections were incubated with 
immunofluorescent secondary antibody at the dilution 
of 1:100 for 1 h at 37 °C, and washed in PBS for 3 times 
in the dark. The nuclei were stained with DAPI (Cat# 
C1002, Beyotime,  Jiangsu) for 5 min and rinsed 3 times 
for 5  min in PBS. Images were collected immediately 
using confocal microscope (SP8, Leica, Germany).

Mass spectrometry
Mass spectrometry analysis was performed as previously 
described [56]. To identify the levels of ubiquitination at 
H2BK120 in vivo, proteins were extracted from mouse 
testes with the genotype Rnf20Flox/Flox or Amh-Rnf20−/−. 
Bradford method was used for protein quantification, 
and proteins of 20  µg for SDS-PAGE were stained with 
Coomassie brilliant blue R250. All proteins in each group 
were used for trypsin digestion with a ratio of protein to 
trypsin 50:1. After digestion for overnight at 37  °C and 
desalted with C18 SPE Cartridge, anti-K-ε-GG antibody 
beads (Cat# 5562  S, Cell Signal Technology, Bossdun, 
MA) were adopted to enrich ubiquitinated peptides. 
Then, the peptides were separated by HPLC liquid sys-
tem and analyzed by Q-Exactive series mass spectrum 
(Q-Exactive HF, Thermo Fisher, Waltham, MA, USA). 
The original data of mass spectrometry were processed 
using MaxQuant software for subsequent identification 
and quantitative analysis.

Isolation and culture of primary Sertoli cells of mouse 
testis
Briefly, testes from mice at 7 days after birth with the gen-
otypes of the Rnf20Flox/Flox and the Amh-Rnf20−/− were 
removed and decapsulated. The seminiferous tubules 
were cut into small pieces and incubated in 0.2  mg/ml 
200 µl IV collagenase (40510ES60, Yeasen Biotechnology, 
Shanghai) at 37 °C for 20 min with gently shaking inter-
mittently. Then, the cells were collected by centrifugation 

at 2800  rpm for 5  min, washed once with PBS, resus-
pended in 0.25% trypsin (Cat#SH30042.01, HyClone, Bei-
jing), incubated at 37 °C for 10 min with gentle shaking, 
and terminated trypsin digestion with medium contain-
ing serum. After filtration through a 300 meshes nylon, 
the cells were collected by centrifugation at 2800  rpm 
for 5  min. Then cells were resuspended in the medium 
(DMEM with 12% FBS), placed in 6-well plates, and cul-
tured at 37 °C for overnight. After several passaging, the 
adherent cells were used for subsequent analysis.

RNA-seq analysis
For RNA-seq analysis, total RNAs were extracted from 
the Sertoli cells of mouse testes at 7 days after birth (with 
the genotype Rnf20Flox/Flox or Amh-Rnf20−/−), each group 
with three individuals, using the TRIzol Reagent (15596-
026, Thermo Fisher, Waltham, MA, USA), accord-
ing to manufacturer’s instructions. The RNA samples 
were treated with RNase-free DNase to remove DNA 
(M610A, Promega, Madison, WI, USA). After enriched 
using Oligo (dT), RNAs were broken up for cDNA 
library construct according to the manufacturer’s pro-
tocol. Then the cDNA libraries were sequenced using 
BGISEQ platform. To determine gene expression levels, 
clean reads from the Sertoli cells of the Rnf20Flox/Flox or 
the Amh-Rnf20−/− were mapped to the reference genome 
(GCF_000001635.26_GRCm38.p6) by HISAT and to the 
reference genes by Bowtie2. Fragments per kilo bases 
per million fragments (FPKM) values were calculated for 
each gene by RSEM. Differentially expressed genes were 
defined with |Log2FC|>1 and FDR < 0.001.

Quantitative real-time PCR
Total RNA samples were isolated from testes of adult 
mice using TRIzol reagent (Invitrogen, CarIsbad, CA, 
USA) according to the manufacturer’s instructions, and 
then were treated with RNase-free DNase (M610A, Pro-
mega, Madison, WI, USA). Using the MMLV system 
(M1701, Promega), cDNAs were reversely transcribed 
from the RNAs. SYBR Green qPCR Mix (Q712, Vazyme, 
Nanjing, China) was used for quantitative real-time 
PCR amplification in a StepOne real-time PCR system 
(Applied Biosystems, USA). The primers of Cldn11 and 
Hprt were listed in Additional file 1: Table S1.

ChIP-PCR analysis
The testis samples were dissected immediately from adult 
mice after euthanasia and cut into small pieces. The tes-
tis samples were then cross-linked by 1% formaldehyde 
and terminated by glycine with a final concentration of 
0.125  M. After homogenized, the samples were resus-
pended in lysis buffer (50 mM Tris-HCl pH 8.0, 5 mM 
EDTA, 0.1% SDS) and the genomic DNAs were sonicated 
into fragments of 200–500 bp (Bioruptor Pico sonicator, 
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high, 25cycle, 30s on/off). The DNA samples of 25  µg 
were incubated with protein A/G beads (36403ES25, 
Yeasen Biotechnology, Shanghai) conjugated with 2  µg 
primary antibody or IgG at 4  °C for overnight. After 
washed, the beads were used to extract genomic DNA 
with phenol-chloroform extraction methods. The primer 
sequences were described in Additional file 1: Table S2.

TUNEL assays
The testis samples were embedded in paraffin and cut into 
a series of 5 μm sections using a paraffin slicer (CM1950, 
Leica, Germany). Antigen repairs for tissues sections 
were performed as described in the section immunofluo-
rescence analysis. For TUNEL (terminal deoxynucleo-
tidyl transferase-mediated dUTP Nick-End Labeling) 
assays, one step TUNEL apoptosis assay kit (C1086, Bey-
otime) was used according to the manufacturer’s proto-
col. The testis tissues sections were permeabilized with 
20 µg/ml proteinase K (P2308, Sigma-Aldrich) for 20 min 
at room temperature, and then the sections were incu-
bated with the FITC-labeling reaction mix containing 
TdT and fluorescein-dUTP for 1  h at 37  °C. The nuclei 
were stained by DAPI for 5  min. Images were captured 
by a confocal fluorescent microscope (FV1000, Olympus, 
Tokyo, Japan).

Statistical analysis
The data are presented as the means ± standard at least 
three independent experiments. Statistical comparisons 
were made using Student’s t-test when comparing two 
groups. One-way ANOVA was performed for compari-
sons with more than two groups. Statistics analysis was 
performed using GraphPad Prism 7 software package. 
For significant test, p < 0.05 was considered to be statisti-
cally significant [57].
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